Highly lattice mismatched ͑7.8%͒ GaAs/ GaSb nanowire heterostructures were grown by metal-organic chemical vapor deposition and their detailed structural characteristics were determined by electron microscopy. The facts that ͑i͒ no defects have been found in GaSb and its interfaces with GaAs and ͑ii͒ the lattice mismatch between GaSb/ GaAs was fully relaxed suggest that the growth of GaSb nanowires is purely governed by the thermodynamics. The authors believe that the low growth rate of GaSb nanowires leads to the equilibrium growth.
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Currently, the vapor-liquid-solid growth mechanism, proposed by Wagner and Ellis several decades ago, 9 has been the dominant growth mechanism for growing semiconductor nanowires and these semiconductor nanostructures are commonly grown by chemical vapor deposition, 10 metal-organic chemical vapor deposition ͑MOCVD͒, 11 molecular beam epitaxy, 12 and chemical beam epitaxy. 13 To extend potential applications of semiconductor nanowires, axial nanowire heterostructures have shown their advantages. 14 In fact, the fabrication of heterostructured semiconductor nanowires suitable for device applications is a current challenge. 15 This is particularly true for fabricating lattice mismatched nanowire heterostructures, such as GaAs on Si. 16 As a consequence, fabricating heterostructured semiconductor nanowires has attracted significant attention theoretically 17 and experimentally. [18] [19] [20] It is anticipated that the strain relaxation mechanisms in the case of nanowires can be potentially different to those of thin films. In the latter case, the strain relaxation is normally achieved through the introduction of misfit dislocations, 21 the modification of surface morphology, 22 and the alloying. 23 In the case of freestanding nanowires, the strain relaxation can be achieved through the lateral expansion or contraction. 17 GaSb-based III-V semiconductors are of great interests for near-and midinfrared optoelectronic devices. However, it is very challenging to grow large area and high quality thick GaSb epilayer on GaAs due to their large lattice mismatch ͑ϳ7.8% ͒. 24 Recently, it was suggested that GaSb nanowires can be used as building blocks for lasing devices. 25 As a consequence, it is scientifically interesting and technologically important to grow GaSb nanowires.
In this study, GaSb/ GaAs nanowire heterostructures, in which the chemical compositions vary along the axial direction, were grown by MOCVD and their detailed structural characteristics were studied by electron microscopy. The growth mechanism of GaSb/ GaAs nanowire heterostructures is discussed based on the electron microscope observations. All GaSb/ GaAs nanowire heterostructures were grown on ͕111͖B GaAs substrates with Au particles as nucleation sites with sizes of 10-50 nm in a horizontal flow MOCVD reactor at a pressure of 76 Torr. Detailed substrate treatment can be found in Ref. 26 . The substrates coated with Au particles were firstly annealed at 600°C under AsH 3 flow for 10 min to desorb surface contaminants and to alloy Au particles with Ga from substrates. After cooling down to 450°C, Ga source, trimethylgallium ͑TMG͒, was switched on to initiate GaAs nanowire growth. After 15 min, TMG was switched off and the reactor cell was cooled down to 425°C under the AsH 3 flow. AsH 3 was then switched off, and, simultaneously, Sb source ͑trimethylantimony͒ and TMG were switched on to initiate the GaSb nanowire growth. The growth time for GaSb was 120 min. The molar flow rate of TMG remains the same for both growths.
Detailed structural characteristics of GaSb/ GaAs nanowire heterostructures were investigated using high resolution scanning electron microscopy ͑SEM, JEOL JSM890 with a cold field-emission gun͒ and transmission electron microsa͒ Authors to whom correspondence should be addressed. copy ͑TEM, FEI Tecnai F20 and FEI Tecnai F30͒. TEM specimens were prepared by ultrasonicating the nanowire samples in ethanol for 20 min and then dispersing the nanowires onto holey carbon films.
SEM images in Fig. 1 show the morphology of GaSb/ GaAs nanowire heterostructures. As can be seen from Fig. 1͑a͒ , all nanowires are freestanding and well aligned. It is of interest to note that these nanowires have identical morphology. The enlarged SEM image ͓Fig. 1͑b͔͒ indicates that each individual nanowire has a tapered body with a thick column shaped head. The length of the entire nanowire can be estimated in the range of 1 m and the diameter of heads is in the range of several tens of nanometers.
To determine detailed structural characteristics of GaSb/ GaAs nanowire heterostructures, TEM was employed. Over a dozen nanowires were investigated to gain a general understanding of their structural characteristics. Figure 2 shows TEM results of a typical nanowire. Figure 2͑a͒ is a bright-field TEM image and shows a typical top section of the nanowire containing GaAs ͑thin body͒, GaSb ͑thick head͒, as well as the Au catalyst ͑top hemispherical particle͒. Since the lattice parameter of GaSb is larger than that of GaAs, we believe the thick head is GaSb and is a result of the strain relaxation via lateral expansion. To determine the strain relaxation accurately, selected area electron diffraction ͑SAED͒ was used. Figure 2͑b͒ is a ͗110͘ SAED pattern taken from both GaAs and GaSb regions. Two sets of ͗110͘ diffraction patterns can be clearly distinguished with one set being GaAs and the other being GaSb. Since the lattice parameter of GaAs is smaller than that of GaSb, the inner set of SAED pattern belongs to GaSb and the outer set belongs to GaAs. By careful measurement of corresponding atomic planes for GaAs and GaSb, a 7.5± 0.3% lattice mismatch was determined by using the equation
where d hkl i is the spacing of the ͕hkl͖ atomic planes for the material i. Since the lattice mismatch between unstrained GaAs and GaSb is 7.8%, which falls into the measured range, it is believed that the GaSb has been fully relaxed. From Fig. 2͑a͒ , it is of interest to note that, although many planar defects can be clearly seen in the GaAs region from Fig. 2͑c͒ , an enlarged TEM image, the GaSb region remains defect-free as shown in the enlarged TEM image ͓Fig. 2͑d͔͒. As mentioned earlier, the strain relaxation can normally be achieved through the introduction of misfit dislocations at the strained interface and/or through lateral expansion. To determine whether misfit dislocations exist in the GaAs/ GaSb interface, high resolution TEM investigation was carried out and the result is shown in Fig. 2͑e͒ . Although it is not possible to accurately identify the GaAs/ GaSb interface from Fig. 2͑e͒ , it clearly shows no misfit dislocations in this interfacial region. This suggests that the entire strain relaxation for the GaSb nanowire grown on the GaAs nanowire is through the lateral expansion.
To understand the fundamental mechanism of the growth of GaSb on the GaAs nanowire, we noticed the following two facts.
͑1͒
The growth of GaSb is significantly slow. As mentioned earlier, the growth time for GaSb is eight times longer than that for GaAs, while the length ratio of GaAs/ GaSb is ϳ6 : 1, estimated from Fig. 1͑b͒ . As a consequence, the growth rate for GaSb nanowires is about 2% of that for GaAs nanowires. ͑2͒ GaSb nanowire has been fully relaxed through the lateral expansion as no lattice defects ͑misfit dislocations and planar defects such as stacking faults and twins͒ have been found in the GaSb and the GaSb/ GaAs interfacial region. It is well known that the existence of dislocations in a material costs energy. 27 This is also true for misfit dislocations, although their existence can relieve a certain amount of the 
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Guo et al. Appl. Phys. Lett. 89, 231917 ͑2006͒ misfit strain in a system. 21 It has also been suggested that the planar defects such as twins can cost energy ͑although very small͒. 28 The facts that ͑i͒ GaSb nanowires have been fully relaxed where the strain energy= 0 ͑when ignoring the transition region near the GaAs/ GaSb interface͒ and ͑ii͒ no lattice defects in GaSb nanowires ͑where the defects associated energy= 0͒ suggest that the system energy for GaSb nanowires reaches its minimum. This indicates that the growth of GaSb is governed by thermodynamics, in which each growth step requires the system to reach a minimum energy state. In fact, this can only be achieved by a slow growth rate. For this reason, the slow nature of the GaSb nanowire growth is the fundamental reason for achieving thermodynamically grown GaSb nanowires.
In conclusion, we have grown high quality GaAs/ GaSb nanowire heterostructures using MOCVD. The detailed electron microscopy investigations of these nanowires suggest that the growth of GaSb nanowires is governed by the thermodynamic process which leads to the defect-free nanowires.
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